The Modern Synthesis led to fundamental advances in understandings of human evolution. For human palaeontology, a science that works from ancestral phenotypes (i.e. the fossil record), particularly important have been perspectives used to help understand the heritable aspects of phenotypes and how fossil individuals might then be aggregated into species, and relationships among these groups understood. This focus, coupled with the fragmentary nature of the fossil record, however, means that individual phenotypic variation is often treated as unimportant 'noise', rather than as a source of insight into population adaptation and evolutionary process. The emphasis of the extended evolutionary synthesis on plasticity as a source of phenotypic novelty, and the related question of the role of such variation in long-term evolutionary trends, focuses welcome attention on non-genetic means by which novel phenotypes are generated and in so doing provides alternative approaches to interpreting the fossil record. We review evidence from contemporary human populations regarding some of the aspects of adult phenotypes preserved in the fossil record that might be most responsive to non-genetic drivers, and we consider how these perspectives lead to alternate hypotheses for interpreting the fossil record of early genus Homo. We conclude by arguing that paying closer attention to the causes and consequences of intraspecific phenotypic variation in its own right, as opposed to as noise around a species mean, may inspire a new generation of hypotheses regarding species diversity in the Early Pleistocene and the foundations for dispersal and regional diversification in Homo erectus and its descendants.
Introduction
The Modern Synthesis led to fundamental advances in our understandings of human evolution. For human palaeontology, a science that works predominantly with the phenotypes of our distant ancestors (i.e. the fossil record), perspectives used to help understand the heritable aspects of traits have been particularly important. These approaches influence how fossil individuals might then be aggregated into species and relationships among these groups understood. A related but separate thread has focused on understanding the environmental contexts of the fossil remains and thereby the natural selective forces that acted on phenotypes at different times during human evolutionary history. In this paper, we discuss how the modern synthesis, and its debated revision in the extended evolutionary synthesis (EES), influences how we interpret and use fossil phenotypes. We also consider how new (or newly highlighted) perspectives in the evolutionary process might provide novel insights into old puzzles in the study of fossil Homo.
The early recognition by Mayr of speciation as a process related to interbreeding groups of organisms (and their relative isolation; i.e. the biological species concept) catalysed important revisions of how human fossils were categorized. These revisions would influence the questions posed of the human fossil record. In a now famous paper, Mayr [1] revised and reduced the more than eight genera of fossil hominins broadly used at the time (including Australopithecus and Homo) to just one genus (Homo) with three species (H. sapiens, H. erectus and H. transvaalensis). The argument was meant to bring palaeoanthropology into the norm of other fields of biology, and while overly extreme in its course, formal recognition of greater levels of synonymy allowed for consideration of questions about the biology, dispersal and habits of ancestral hominin species that were not the focus when the fossils were considered as regional atomized parts. For example, in a revision that still largely stands, Mayr [1, 2] sank at least three genera of Asian fossil hominins (Sinanthropus, Pithecanthropus and Homo) into the single genus and species H. erectus. Although the specialist palaeontologists of the day had routinely stated that most of these genera were likely to be biologically the same [3] [4] [5] , the formal recognition that a single early hominin existed across Asia led to new questions regarding its central adaptation [6] . The subsequent discovery of older H. erectus in Africa [7] naturally raised the question of what led to its dispersal to Asia [8] . In each instance, a key prerequisite was determining the relationship of new discoveries to previously known species by using aspects of fossil anatomy that were inferred to be heritable (i.e. genetically determined).
While encompassing a broad umbrella of conceptual and methodological advances, the main focus of the modern synthesis was to meld understandings of the genetic basis of evolution (Mendelism) with Darwinian theory [9] , and in light of this, a key goal in evaluations of fossil hominins has been discerning the genetically heritable component of fossil phenotypes. Neither Darwin nor the architects of the modern synthesis denied that there were mechanisms other than natural selection that contributed to evolutionary change, nor excluded the existence of non-hereditary contributions to the adult phenotype, but these were (and largely continue to be) understood as having modest importance to long-term evolutionary change [9] . Thus, teasing apart the relationship between quantitative genetics and phenotypic traits has been important for understanding morphological evolution (e.g. [10] [11] [12] ), and from this intuiting the genetic aspects of phenotypic traits has been a primary focus of palaeontological research agendas (e.g. [13 -15] ). The cladistics movement, committed to determining phylogenetic relationships from phenotypic character states, was in part a reaction against the merging of taxa by the modern synthesis. Yet it implicitly holds at its core the same principle, that the interesting thing about phenotypes is their ability to reflect genotype. When applied to the fossil record, particularly in the frequent cases in which a single fossil represents the species, these methods have generally resulted in a focus on individual phenotypes as presumed species (genetic) proxies (e.g. [16] [17] [18] [19] [20] ). This lack of focus on the full breadth of processes by which individual phenotypes are created is a key issue for human palaeontology, a science whose primary database is fossil phenotypes and whose conclusions rest on their interpretations.
Following on the recognition of similar limitations in other areas of evolutionary biology, a sometimes loose array of concepts thought to be either implicitly or explicitly excluded from the modern synthesis have been proposed as evidence for the need for an 'EES' (e.g. [21] ). Although the database of human palaeontology is poorly suited for the study of some of these, several concepts have clear application to studies of human evolution and their methods have started to be incorporated into the discipline. Of particular importance are those discussions related to the construction of phenotypes by altering selective pressures acting on them (e.g. niche construction), the evolution of patterns of development and the ability to evolve (e.g. evo-devo and evolvability), and the non-genetic and epigenetic aspects of phenotype development itself (e.g. developmental biology, phenotypic and developmental plasticity, parental effects, developmental niche construction and other non-genetic forms of inheritance). The idea of niche construction has obvious applicability to recent humans and locating the origin of our particular biocultural pattern has influenced research in human evolution (e.g. [22] ). Similarly, studies of integration and evolvability have gained importance within studies of human evolution for their insights into species-level patterns of morphological units, such as the pelvis and thorax in humans, that might evolve in tandem, and which might thereby provide possibilities and/or constrain the direction of evolutionary change in the group (e.g. [23, 24] ). As a complement to this work, here we focus on the importance of plasticity, and its intergenerational manifestation as parental effects, which we believe has overlooked implications for understanding the skeletal phenotypes at the heart of the palaeontological database.
Developmental plasticity and parental effects have only recently been emphasized in human evolutionary studies (e.g. [25] ), although they have a long history of interrogation by other fields (e.g. [10,11,26 -30] ). Whether these effects are important to long-term evolutionary change remains hotly debated within evolutionary biology more generally, but what is clear is that many phenotypic traits respond to, and come to embody, patterns of experience or in some cases of use and disuse, that can occur through a range of non-genetic adaptive processes (e.g. [31] ). These processes of accommodation and adaptation can powerfully shape individual phenotypes [32, 33] , and thus have an important bearing on our interpretation of the meaning and identity of fossil individuals and their opportunities for survival and therefore potential contributions to evolution. As we argue below, from this perspective individual variation may be understood not only as the basis for the common practice of defining central tendencies to reconstruct taxonomy, but as a storehouse of information on individual adaptive responses to local environments. In addition, because selection acts only on those phenotypes actually expressed in individuals (rather than the range of phenotypes possible from an individual's genotype), non-genetic processes that influence phenotype expression could have substantial influence on the direction and pace of genetic evolution.
Plasticity in phenotypic form has long been recognized as an important source of variation (e.g. [26] ) and one that can allow relatively rapid change under certain circumstances (e.g. [27] ). For instance, reaction norms have long been used as formal descriptions of how environments interact with underlying genotypes to shape the phenotypes created across environments [26, 34] . Lande [27] showed that with a significant and abrupt environmental change, different norms of reaction for plasticity would lead to substantial increases in the levels of plasticity in a population while also facilitating potentially rapid phenotypic change towards the new environmental optimum. A focus on plasticity thus moves us away from viewing novel phenotypes as being slowly cobbled together through random mutations of small phenotypic effect, and provides a mechanism for relatively quick and functionally integrated population-level phenotypic change. 1 While phenotypic responses allow novel phenotypes to emerge in response to environmental, rather than genetic, change, this decoupling of phenotypic novelty from underlying genetic novelty has traditionally cast doubts on the long-term evolutionary implications of these changes. However, an emerging perspective builds on the early work of Baldwin [35] , Waddington [36, 37] , Schmalhausen [38] and others to address this issue, and is re-imagining the role of phenotypic plasticity as a pervasive influence on the direction and pace of genetic evolution. Authors such as WestEberhard, Pigliucci and others note that phenotypic and developmental plasticity-generated from stimuli such as behavioural change, climate or nutritional or environmental stress-is often the original source for novel individual variation ( plasticity; [39, 40] ). Because natural selection can only operate on existing phenotypes, these plasticity-induced trait configurations are the raw variation that is subjected to selection, and that eventually facilitates genetic adaptation.
Environmentally induced phenotypes may 'lead the way' to more gradual genetic adaptation through several processes, which have been labelled 'phenotype-first' evolution (e.g. [25] ). One long-recognized example is genetic assimilation, as classically illustrated by Waddington's [37] fruit fly breeding experiments in which an environmentally induced phenotype was, after multiple generations of exposure, eventually expressed in the absence of the inducing stimulus. West-Eberhard's [39] concept of genetic accommodation recognizes that fixing a trait (reducing plasticity) through genetic assimilation is only one of several possible means by which plasticity-induced phenotypes might lead the way for genetic change. Genetic changes may also be favoured, for instance, if they help generate the plasticity-induced phenotype with fewer costs, or by re-centring the trait around new functional loadings, which can protect the organism's ability to mount a plastic response to future environmental challenges [41] .
One example of an application of these principles that has largely unexplored applicability to the hominin fossil record is the 'flexible-stem' model of species dispersal [39] . The flexible-stem model proposes that when an ancestral (stem) population is faced with new ecological pressures, the pattern of phenotypic plasticity in the ancestor will constrain the direction and form of phenotypes induced in descendant populations. Support for this model has been demonstrated in living species like stickleback fish, in which the phenotypes of independently evolved freshwater species repeatedly converge on similar phenotypes that mirror environmentally induced developmental variation in the extant ancestral marine population. This work shows that plasticity provided the developmental template from which the freshwater species diverged as they moved into novel environments with different prey types [42] . In addition, subtle genetic differences between the freshwater populations point to partial genetic accommodation of the induced phenotypes. Similarly, among species of spadefoot toads, species diversity has been shown to reflect ancestral larval plasticity interacting with local climactic conditions [43] . These studies of contemporary wild populations show how plasticity facilitates not only short-term survival in novel ecological conditions-which has long been acknowledged-but also guides the direction of longer-term genetic evolution by determining the specific phenotypes that are locally expressed. An explicit focus on plasticity may similarly prove helpful in thinking about and framing expectations for populations of H. erectus, the first hominin to disperse widely (figure 1).
While the fossil record is admittedly an imperfect database from which to assess the role of plasticity in evolution, we believe that keeping in view this perspective on the importance of variation may inspire new research questions. Here we hope to nudge these discussions forward by using the study of contemporary humans to model the kinds of non-genetic drivers that might contribute to variation in skeletal size and shape of fossil Homo and the kinds of groundtruthing studies that are needed. We then focus on a preliminary analysis of these same signals of variation and plasticity across palaeodemes of H. erectus, and pose testable hypotheses for future work.
2. Modelling non-genetic drivers of variation in the hominin skeleton: a view from contemporary humans
We focus on a few aspects of the human skeleton that have been implicated as important in the origin and evolution of the genus Homo, that are commonly studied in human biology, and that lend themselves to accessible bone proxies in the fossil record. We consider how phenotypes of skeletal size and robusticity and cranial size respond in living humans to changes in behaviour (function), climate and nutritional environment (for additional discussion, see [25] ).
(a) Behaviour (function) and plasticity in skeletal development and body size
Skeletal tissue has a repertoire of adaptive processes that allows it to respond to functional loading-including both changes in body mass and activity-during growth and across adulthood (e.g. [31, 44] ). Increased force or loading on long bones influences the structure of trabecular bone in, for example, the femoral head, and leads to diaphyseal changes that increase strength [45] . During development, exercise and weight bearing increase bone mineral density and thicken the cortices at the expense of medullary volume [46] . After cessation of growth, strain on long bones, whether due to loading or age-related bone loss, leads to a compensatory expansion of diaphyseal diameter via periosteal bone deposition [47] . This capacity for the skeletal system to develop and remodel its structure in response to patterns of loading means that an individual's remains embody a record of these influences and can be generally used to infer other aspects of the phenotype and behaviour, such as body weight and activity patterns. While phenotypes are averages over a lifetime and are not specific enough to map particular activity types for an individual, relative patterns of use and disuse can be inferred. For instance, compared to non-athletes, cricketeers show asymmetrical arm development resulting in a more robust dominant throwing arm (especially in humeral size and shape), whereas robusticity is increased in both arms among swimmers (e.g. [48] ). Similarly, disuse atrophy resulting from acquired and congenital conditions that limit mobility leads to limb bone loss, particularly in shaft width rsfs.royalsocietypublishing.org Interface Focus 7: 20170004 but not length (e.g. [49 -51] ). Palaeoanthropologists have used related signatures to argue for behavioural locomotor differences between, for example, H. habilis and H. erectus [52] . The former is argued to have used more arboreal substrates (perhaps for nesting or refuge) based on relatively stronger upper limb bone cross sections compared with lower limb cross sections, whereas H. erectus shows much stronger lower than upper limbs, suggesting a more committed terrestrial biped.
(b) Skeletal response to climate variables
Climatic and environmental factors, notably temperature, humidity and altitude are also important predictors of human variation in body size and proportions. A key adaptive challenge of migrating to high altitude is coping with the lower oxygen pressure (hypoxia). Although there is evidence for genetic adaptations to hypoxia among populations with long histories of high altitude habitation [53] , developmental processes are also important [54, 55] . Individuals raised at high altitude have increased pulmonary function, in part as a result of increased lung volume. Skeletal development accommodates this anatomical change by increasing chest dimensions [56] , a pattern visible in the skeletal remains of high altitude human populations [57] .
Human populations appear to conform to the general expectations of both Bergmann's and Allen's rules that link warmer temperatures to smaller body masses and increased surface area (e.g. longer limbs), respectively [58] . Recent studies in a mouse model have explicitly tested for plasticity mediated by temperature [59] , and found a possible mechanism for short-term plastic responses that in theory could lead the way to genetic accommodation (ala [37] ). Mice reared in colder environments showed stunting of appendages and shorter tail lengths, following Allen's rule. The mechanism underlying these changes appears to be reduction in the efficiency of vascular delivery of nutrients to the growth plate. Palaeoanthropologists have used related skeletal signatures to argue that Neandertals showed long-term adaptation to cold climates in Europe, but that the first Homo sapiens did not [60] ; whereas little signal of climatic adaptation was found in the skeletal remains of H. erectus [61] . There is also skeletal evidence of a correlation between nasal volume and palatal phenotype and climatic differences (especially humidity) across human populations [62] .
(c) Differential skeletal response to nutritional deprivation
While climate predicts some aspects of body proportions in humans, a large component of global variation in growth and stature traces to plasticity in response to factors like nutrition and early life exposure to infectious disease [63] . From conception through infancy, growth rate is directly tied to insulin production and thus nutrient availability [64, 65] . This leads to increased growth rate and taller adult stature in populations with favourable early life nutrition, and stunting in nutritionally stressed populations. Any source of energy deficit can constrain growth rate at this age, and in many contemporary low income populations nutritionally taxing infectious diseases (e.g. diarrheal illness) are among the most important predictors of growth stunting [66] . Although breastfed infants obtain protective immune factors along with balanced nutritional resources, the weaning transition introduces new sources of nutritional stress. In modern humans, less balanced and less sterile complementary foods are typically introduced at or before six months of age, resulting in weaning stress [67] , which can be tracked in subadult skeletal samples [68] . ) and other non-erectus, non-habiline Homo. Homo naledi in South Africa is not figured due to the absence of a geological age at the time the paper was accepted. Homo sapiens is present in all regions and likely originates in Africa, but is shown only in Europe for clarity of figure purposes. Climate curve modified from [158] and based on data from [159] .
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Because the weaning transition occurs during the age of insulin-dependent, nutrition-driven growth, growth faltering that accompanies weaning lingers into adulthood and faltering during this period has a stronger influence on adult stature and body size than stresses encountered during later growth. Studies of marginally nourished contemporary populations typically find that nearly all of the adult height deficits compared with healthy reference standards are already present by 2-3 years of age [69, 70] . Although some populations have been shown to experience some degree of 'catch-up' growth after infancy [66, 71] , work on human growth has led to the idea that the prenatal period and infancy represent a critical period in final stature attainment, with much contemporary population variation in adult standing height tracing to the impact of nutrition and hygiene during infancy and early childhood [63, 72, 73] . By contrast, after 2-3 years of age growth-hormone rather than insulin regulates growth [64] and nutritional deficits after this age slow the pace of both growth and maturation. This link between nutrition and maturity leads to the achievement of a similar adult stature during a longer and slower period of growth and can lead to large, cumulative phenotypic changes across multiple generations (e.g. the gradual decline in menarcheal age from 16-17 years to 12 years since the mid-nineteenth century in some European nations; [63] ).
In contemporary human populations, different body segments exhibit differential sensitivity to environmental stress, which can lead to plasticity-induced changes in body or limb proportions. The greater nutritional sensitivity of the limbs, and especially the legs, has been noted repeatedly, which partly reflects the fact that leg growth is fastest during the ages of nutrition-sensitive early growth [55] . This tends to lead to relatively longer legs as nutritional conditions improve. As one example, in post-WWII Japan, adult stature increased dramatically in males and females, an increase thought to reflect improvements in living conditions and dietary change [74] . Nearly, all of this statural increase was accounted for by longer legs; by contrast, trunk length was not appreciably increased (figure 2).
Although nutrition is a key driver of plasticity in growth and development, non-nutritional factors are also important. In the past two decades, the logic of life-history theory [75] has been extended to help shed light on the impact of psychosocial stressors on plasticity in maturational tempo and reproductive scheduling in humans [76, 77] . In contrast to the effects of nutritional stress, which as noted delay maturity, psychosocial stress has been shown to accelerate maturation. Girls raised without a father in the household, who experienced the death of a sibling, or traumatic abuse during early childhood have all been shown to mature earlier than their non-or less-stressed peers [76] . These same stressors also predict an earlier age at first reproduction, higher fertility and shorter lifespan [77, 78] . It has been hypothesized that these findings point to an evolved ability to sense cues reflective of extrinsic (unavoidable) mortality and to facultatively accelerate life-history scheduling when the risk of delaying maturity (e.g. of dying before reproducing) is high. The acceleration of maturity in response to these stressors is of the order of several months of acceleration, which is modest in comparison to the effects of nutrition. However, it is presently unclear whether these effects might cumulatively lead to more dramatic maturational change across multiple generations faced with high mortality or related stressful cues, as has been inferred for the effects of nutrition.
In contrast to traits like leg length and stature, human brain growth is considered to be highly buffered and thus canalized, as reflected in smaller responses to nutritional and environmental stress. This begins in utero in the form of 'brain-sparing' in which blood flow is distributed away from the periphery to the growing brain under conditions of nutritional or oxygen deficit, resulting in conserved brain size relative to body size at birth [79] . Similarly, it has recently been proposed that the greater sensitivity of the limbs to nutritional stress may represent a postnatal expression of brain sparing [80] . As a result of these and other buffering mechanisms, cranial capacity is expected to vary little in response to factors like nutrition.
Although relatively canalized, there is evidence that the size of specific brain structures relates to their use and disuse during and after development. In rats, for instance, environmental enrichment (i.e. an increase in stimulation) has been shown to increase cortical thickness and weight by roughly 10% in some regions [81, 82] . Conversely, in humans, early life stress has been shown to predict a reduced brain volume [83] . Such studies underscore that variation in even relatively canalized traits like cranial capacity will partly reflect changes in environment and experience, and in theory might lead cumulatively to sustained change across multiple generations, as shown for less canalized traits like stature, body proportions or maturational tempo (e.g. [84] ).
(d) Environmental effects on future phenotypes: parental effects and epigenetic inheritance
In addition to the effects that expressed phenotypes have on the patterns of selection, there are also a range of pathways by which environmental effects can transcend a single generation to directly influence phenotypes in future generations. Parental effects are emerging as important examples of this in humans and other organisms [85] . Parental effects broadly refer to any effect of the parent on the phenotype or survival of offspring, beyond the direct transmission of genes. We review these examples here not because they are particularly amenable to testing in the fossil record; rather, they reveal yet another way by which plasticity can induce adaptive phenotypes: not in response to environmental experience, but in response to non-genetic cues communicating information about recent ancestral environments. rsfs.royalsocietypublishing.org Interface Focus 7: 20170004
In well-studied avian examples, the mother responds to environmental stimuli by modifying the nutrient or hormonal constituents deposited in eggs which in turn modify the offspring's development or behaviour and improve its match with the immediate environment [86] . For instance, among house finches faced with novel environments, maternal effects increase pre-selection variance in offspring phenotypes, which has been crucial to the success of this colonizing species. As resource competition increases, western bluebird mothers modify the order of egg-laying to favour offspring with an aggressive, dispersing phenotype [87] . These examples illustrate how mechanisms of developmental plasticity may, in some instances, open up opportunities for the developing offspring not only to adjust to the environment that it experiences itself, but to respond to historical environmental signals transduced through the mother's phenotype.
Maternal experience in humans has similarly been shown to have intergenerational effects on diverse aspects of offspring biology. Importantly, nutrition and psychosocial stress-the same factors that drive variation in growth, maturity and body size-seem to have particularly pronounced prenatal impacts. In addition to better-studied influences on metabolism and risk for chronic disease [88] , long-term effects include changes in traits like postnatal growth trajectory, adult size, body fat and muscle mass, and strength [89] , along with changes in reproductive biology [90, 91] . Although the adaptive significance of these effects remains the topic of debate [92 -94] , it is notable that fetal nutrition does not respond to acute changes in the mother's intake during pregnancy, which may reflect the unreliable signal of short-term, transient conditions. It has instead been argued to reflect a more integrated signal of her past experience that better represents typical local conditions ( phenotypic inertia, [89] ). For example, nutritional supplementations of pregnant mothers-which represent a substantial but only temporary (e.g. transient) increase above normal intake-typically have modest or even negligible effects on offspring birth weight [95] . By contrast, there is evidence that the mother's nutrition prior to pregnancy and across her own development has important intergenerational impacts on fetal nutrition and growth. As one example, in a study of a low resource population in the rural Philippines, the mother's leg length was among the strongest predictors of offspring placental size and birth weight. By contrast, her trunk length was unrelated to placental size and only weakly related to offspring birth weight. Because leg length is the most nutritionally sensitive component of stature growth, as noted above, these findings suggest that fetal nutrition-and thus the range of downstream phenotypic outcomes set in motion by the gestational nutritional milieu-is linked to the mother's chronic developmental nutritional experiences ( [96] ; figure 3) .
(e) Phenotype-first evolution Collectively, the studies reviewed above illustrate some of the mechanisms by which changes in the behaviours, activities and experiences of individuals can lead to marked and rapid shifts in phenotypes, and in ways that can directly or indirectly leave a trace in the skeletal record. This plasticity in phenotypic expression clearly influences survival and reproduction, but as noted, the EES takes this point one step further to view these environmentally induced phenotypes as the starting points for new directions in genetic evolution [29, 39, 86] . Because phenotypic and developmental plasticity can lead to novel, adaptively fit phenotypes within a single generation, in such instances selection is expected to operate not on gene variants to produce the new phenotype, but to help generate an already existing phenotype with fewer costs, or with greater efficiency. As examples, this might take the form of altering the regulatory set-points that determine whether a trait is expressed in response to an environmental cue, or by reducing any costly 'side-effects' generated by inducing the trait through plasticity [39] . In this sense, short-term adaptive processes within individual lifetimes can have long-term effects on the pace and direction of genetic evolution within a population by helping determine the phenotypes that are expressed and subjected to selection [35, 39] . It behoves palaeoanthropology then to consider non-genetic, short-term phenotypic responses as a driver of the phenotypic variation that we study in the fossil record, and as a potentially important influence on longer-term genetic evolutionary trends.
A key problem facing the palaeoanthropologist, however, is connecting the scale of these discussions and experiments with the scale and resolution of the fossil record; a record in which we rarely have complete individuals, large samples or tight time control. Because fossils are usually few, fragmentary and are never discovered with a species name, non-genetic sources of phenotypic variation are potential sources of confusion for our first job, which is to use individual fossil anatomy to establish what (taxonomically) the fossil is. In recent decades, the discipline has developed remarkably clever ways of handling some of the complications arising from the need to reconstruct adult anatomy from immature individuals, fill in missing individuals, missing elements or missing age classes 2 (e.g. [97 -102] ). Yet these techniques all more or less consider individual variation as the messy noise around the central 'mean' morphology, which is understood as the thing that is heritable and important for the survival of individuals and populations. This central tendency (the inferred 'bauplan' if you will) is considered the thing of importance for understanding adaptation and evolution. We argue that, when sample sizes allow, disaggregating fossil assemblages into local and temporal subsamples ( palaeodemes 3 ) is crucial to clarify these local sources of . [6,97,105 -115] ). There is a notable history of pursuing such questions; in the 1960s, for example, Howell [107, 108] developed important models about the relationship between Neandertal anatomy and climate that built from local and regional palaeodemes in the context of temporal and environmental clues to understand the then thorny issue of the relationship between Neandertals and modern humans. Nonetheless, variation below the species level has not been a focus of much practical interest in fossil studies because the fossil record is so sparse. Many studies that look at evolvability and integration in extant mammals whose results are in turn used to illuminate the fossil record, for example, often do so at the specific or even generic level to enhance sample size (e.g. [116, 117] ). We suggest that considering phenotypic variation across populations is an important goal in its own right and a shift in focus that needs continual reinforcement. This shift will ultimately help shape the kinds of questions we consider reasonable to ask of the fossil record, the strength of our conclusions, and perhaps more importantly, the types of data we think about collecting for extant comparative collections (a question to which we will return below).
Here we start to build a theoretical framework around how we might explore intraspecific variation and plasticity in the fossil record of early genus Homo given what is known about plasticity in living organisms, especially humans, and what is hypothesized from phenotype-first evolutionary models. We follow that with some ( preliminary) observations against the fossil record. We frame this with respect to questions circulating about early genus Homo, which based on recent fossil finds and new analyses, appears after about 2.5 Ma to contain a diversity of species of variable size and shape (e.g. [118] ; figure 1 ). After about 1.8 Ma, the genus is, at least for a time, represented by just a single taxon, H. erectus, characterized by overall larger body and brain size [119, 120] . Around the origin of the genus and the survival and dispersal of H. erectus swirl questions concerning the importance and drivers of larger body and brain size, but also substantial size differences across populations. Based on modern human data, we might expect that plasticity in body size will have been achieved relatively easily as members of fossil Homo moved into novel nutritional niches. Absolutely smaller bodies (especially limbs) but not brains might be the immediate expected response to colder, more resource deprived contexts, and especially when paired with any maturity-accelerating effects of extrinsic mortality due to factors like conspecific violence or higher predator load [25] , which in theory could also reduce size by ceasing growth early (i.e. maturing earlier). We note that these factors are expected to result in differences in phenotypic means across subpopulations faced with different ecologies (colder climate, higher extrinsic mortality) and not necessarily as differences in the within-group variation between subpopulations.
Based on a flexible-stem model, we expect that dispersed populations will be limited by the plasticity of the source population with respect to the kinds and extent of the developmental reactions that the descendant populations mounted in the face of novel environments. We would expect that dispersal of several groups from a source population into similar environments will elicit similar responses; for example, repeated movement into low nutrition environments will result in small size in the short term. Additionally, ancestral populations with greater plasticity should be more successful at colonizing novel environments (those that do not match their long-term adaptive homes) because the dispersing population will have more flexible reaction norms over which to respond. Given that more plastic populations should be better able to disperse, we expect that earlier populations in novel environments might vary more than later populations in those same environments (assuming environmental stability). As initial assessments of these ideas, we would consider both differences in absolute size in new environments but also differences in variance. Differences in coefficient of variation (CV), for example, may address questions concerning the amount of variation in a population and may be useful to consider. Below we expand on how these expectations might be assessed in the fossil record.
3. Detecting signals of phenotypic plasticity in the fossil record: a research agenda Although variation below the species level has not been a focus of much practical interest in fossil studies, because the fossil record is so sparse, certain segments of the record allow the exploration of why fossil variation might exist, or how it might have arisen. Here, we consider possible signatures of plasticity that might be evaluated in the fossil record. We acknowledge that the fossil record cannot at present substantially address many of these questions, but having explicit expectations will allow more rigorous future inquiry.
To recognize phenotypic plasticity in the fossil record, we require fossil samples ( palaeodemes) from distinct environments (including climate, parasite/predator load, etc., and nutritional circumstances) that differ in prescribed ways [106] . We would infer that a pattern of differences between samples is potentially consistent with having originated via plasticity if (i) the traits known to be plastic in closely related extant taxa vary between the fossil samples in expected ways relative to inferred differences in nutrition, climate or other relevant influences and (ii) traits known to be less plastic in living groups vary little across these same fossil samples. In addition, based upon the principle that dimorphic traits tend to be costly to build and maintain, conditions like resource stress are expected to differentially influence the sex with the more costly phenotype (in hominins, generally males), leading to a reduction in dimorphism [25] .
To approach the question of the source of the phenotype (adaptation achieved via plasticity first and natural selection), as a starting point we assume that, all else equal, the clearer the distinction in a trait between groups and the longer the directional change, the more likely this is to be a case of evolved genetic selection for a characteristic. Alternatively, the more variable the trait across populations of a species and the greater the difference in that variation within a species relative to the variation in other species, the more likely we are to be looking at plasticity-induced variation. In the light of this, several examples illustrate possible signatures that plasticity-led novelty might leave in the fossil record. If in the absence of climate change body size remained the same through time, but in the presence of indicators of extreme climate change both body size and variance increases and then in later sites at that new climate the rsfs.royalsocietypublishing.org Interface Focus 7: 20170004 increase in size but not variance is maintained, we might infer an initial quick variation in size is then winnowed to a phenotypic optimum for that climate-supporting the type of changes proposed by Lande [27] . Plasticity-induced phenotypic novelty might instead relate to other local conditions, food resources or stressors such as predation, which as noted above are important drivers of plasticity in development and size. This would be supported, for example, if body size tended to be larger, and legs proportionately longer than trunk, in local regions where resources were abundant and smaller (and with shorter legs) where resources were scarce. Such studies would require multiple palaeodemes of a species at a particular time and ideally also an ability to track phenotypic changes within single populations as local ecological changes unfold. This would allow evaluation of whether and how much plasticity there is in a species at a particular time (as we do in the extant record) and an assessment of whether those differences are maintained, reduced or exaggerated through time. Plasticity followed by fixity of a character would be one means (albeit not the only means) of supporting a plasticity first model. Even the best represented hominin taxa cannot currently meet these criteria, and the fossil record will always be plagued by issues of scale/time averaging that are only approachable by both innovation in fossil/environmental studies and in extant models.
Thus, pursuing this agenda will require a multipronged research approach that involves nuanced evaluation of both the fossil and extant skeletal records. On the fossil side, we need to pay attention not just to the fossils themselves but to refining how we make inferences regarding their local environment. This means paying attention to issues of microstratigraphy and geochronology, to refine time packets for palaeodemes, but also to issues such as how we infer predator load and resource availability at a locale (e.g. [121, 122] ). Each of these requires its own set of extant models to groundtruth the linkages between the signal and the resource inferred from it, for example, between predator accumulations of bone and predator load on the landscape, or between presence of shellfish and signatures of aquatic resource use (e.g. [121, 123] ). Influences of resource scarcity made from environmental, palaeobotanical or faunal proxies should be combined with signals from the fossil hominins themselves concerning their specific resource regimes. For example, isotopic studies of teeth and/or dental calculus [124 -126] , paired with microwear analyses, may provide several scales of insight regarding individual diet for comparison with archaeobotanical or faunal resource abundance data. Non-specific indicators of individual stress (e.g. linear enamel hypoplasia; [127] ) and radiological [128] and histological proxies that assess catchup growth and growth faltering (e.g. [129, 130] ), which have proven useful in studies of extant humans (and other mammals), may ultimately provide similar insights into the origins of variation in individual fossils that can likewise be correlated with archaeological resource data.
Putting the focus on how local variation is generated puts added (and different) emphasis on what we ask of (and know about) our extant models. For example, if inferring the heritable bauplan of a species (such as H. erectus) across all the environments and times in which it is found is the main goal, then we may not think that local and regional palaeodeme variation has evolutionary importance or interpretive value. That being the case, then for our comparative skeletal samples we might not record more than the species name. We might record only that we have collected and skeletonized a rhesus macaque, but not other information that may be important to interpreting the origin and function of key phenotypes, such as specific locale, altitude or diet. In much the same way, Darwin did not record the island of origin of many finches [131] . Indeed, as also noted by Plavcan [110] , most museum collections do not include locational, climatological, environmental or populational data on recent skeletons, thus impeding our ability to clarify the local drivers of individual ontogenetic variation within these taxa. Thus, on the extant skeletal side of the research agenda, we need to pay attention to how individual skeletal variation relates within demes to local resources and climate, but also behaviour and rank. Currently, too little attention is paid to the linkages between skeletal anatomy, soft tissue anatomy, and behaviour and local context. And while a number of studies of extant primates and non-primate mammals collect some somatometric data (e.g. [132] [133] ), vanishingly few also collect skeletal data from the same animals [133] or collect somatometric data in a way that might be effectively proxied in a skeletal sample (see bonesandbehavior.org and [133] for some exceptions). For free-ranging colony and wild studies, then, these types of data should be prioritized. This gap between skeletal bodies and their embodied behaviours can and should be closed.
With this as a research agenda, we take a preliminary look at the early evolution of genus Homo and what light the concepts surrounding plasticity and plasticity-first models might throw on the meaning of body size variation.
Using developmental plasticity as a frame for understanding intraspecific variation and dispersal in Homo erectus
Homo erectus was the lone survivor of early Homo species diversity and also the first hominin to exhibit extensive range expansion (figure 1). Shortly after the increase in Northern Hemispheric glaciation around 2.5 Ma, multiple, contemporaneous morphs of Homo and Australopithecus are recognized [118, 134] . In East Africa, between about 2. [118, 134, 135] . They differ from one another primarily in the shapes and proportions of their dental arcades, with H. habilis having the most primitive conformation and H. rudolfensis, with its very small anterior teeth and squared anterior arcade, seemingly the most derived. 4 All three show overlapping variation in brain and body size. At the same time, multiple species of Australopithecus also occur throughout Africa with at least one, A. boisei, in these same East African locales. H. erectus, who will be the main surviving group, tends towards larger average brains and bodies and smaller average tooth and jaw sizes when species-wide means are considered ( [136, 137] ; understanding what made dispersal possible and what the broad geographical and temporal trends in variation might mean (e.g. [8, 138] ). Currently, H. erectus has been identified in groups of fossils from continental and Southeast Asia, East and South Africa, the Republic of Georgia but not Europe. Although all of these fossil assemblages show size variation within them, the fossils from Dmanisi, Georgia are by far the smallest in both brains and bodies, and the Asian assemblages are the largest in average brain size (table 1) . African fossils are, on average, at the smaller end of the range of Asian assemblages but with well-preserved relatively large bodied individuals (e.g. KNM-ER 1808) as well. The Asian and Southeast Asian assemblages were the first to be discovered (being those referred to in the introduction that Mayr sank into Homo) and partly for this reason, H. erectus was viewed historically as larger brained and bodied (when comparing species means) than the other early Homo taxa (e.g. H. habilis, H. rudolfensis) or Australopithecus. Homo erectus is thus often envisioned as a first step towards modern humans.
In traditional approaches, and perhaps because of our own heavy reliance on cognitive capacities, this shift to larger brains (and bodies) has often implicitly been viewed as one-directional. That is, brain size increase but also to a lesser extent body size increase, are taken as species-specific characters that accumulate with time and allow dispersal. Consequently, foraging shifts that allowed this brain and body size increase have been sought (e.g. [138, 139] ). These shifts (coupled with an increasing dependence on technology) are in turn understood to play an important role in allowing dispersal of this taxon as opposed to earlier hominins (see [8, 136, 138, 139] ). As a result, new finds that did not conform to size expectations, such as those from the Republic of Georgia, have been argued to perhaps represent a different species (e.g. H. habilis) or at least something more primitive than the early H. erectus in Africa [140, 141] . And indeed even for those who accepted Dmanisi as H. erectus, the small size (body mass and stature) of the remains posed a bit of a conundrum in terms of dispersal arguments because these first dispersers did not have the large bodies and brains posited to be important to dispersal [8] . [156] right. Dmanisi crania D2282, 2280, 2600, 3444 and femur D4167/ 3901/4501; Sangiran crania Sangiran 10, 12, 17, 38, IX. Trinil crania Trinil 2 and femora Femur II, III, IV. Zhoukoudian crania, Skull II, III, X, XI, XII and femora Femur I and IV. Ngandong-crania Solo I, V, VI, IX, X, XI. H. neanderthalensis: Western Europe crania Neandertal, La Chapelle, La Quina, Spy 1, 2, Guattari 1, Gibraltar 1 and femora Neandertal, La Ferrassie 1, 2, La Chapelle, St. Cesaire, Spy2. H. sapiens data from [157] . Mixed sex and locality include individuals from the subsamples listed as well as samples without both matched cranial and femur data from North China and Swanport Australia. In a conservative test of our question, we report CVs uncorrected for sample size. Small sample size tends to lower CV values and thus underestimate variation in the fossil palaeodemes relative to the more recent skeletal demes.
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More recently, plasticity has been hypothesized to have allowed the dispersal of H. erectus-that is their ability to vary and thrive across environments has been posited to be similar to our own (e.g. [120, 136] ) and important to their ability to disperse and survive. In this view, the small size of the Dmanisi fossils might be understood as an expected reflection of phenotypic plasticity in a more seasonal, resource limited environment (leading to smaller size) and a predator heavy environment (leading to earlier maturity and thus smaller size). That is, small body size might be viewed as a reflection of specific/immediate local environments rather than an indicator of a long-term, species-defining characteristic that suggests membership in a different species than H. erectus. The site of Dmanisi itself certainly represents an extreme change in temperature to that experienced by any African hominins and could thus fit a model like that of Lande [27] , although we have no means of assessing whether the assemblage samples individuals who are among the first generations at the site. Alternatively, a non-genetic phenotypic response might also be posited as a reflecting shortterm idiosyncratic response to the local environment (sensu [25, 59] ). For instance, increases in dietary stress, perhaps due to more seasonal temperate environments combined with rising mortality from predation or other sources, could favour a slower pace of growth, perhaps earlier maturation and a smaller adult size (see also [109] ). These adjustments in turn might be cumulative across multiple generations, not unlike the secular trend in height and maturity documented in contemporary human populations experiencing sustained nutritional changes [63] . If these changes persisted for long enough, selection could then operate to either fix the phenotype or to generate it with fewer costs (genetic accommodation). Potentially, we could unravel this a bit further by looking at the relative contributions of body parts to the small size in Dmanisi. If the limbs are disproportionately short relative to the trunk, such a relationship would be consistent with the result of a short-term plastic response to marginal nutrition or energetic stress. Alternatively, more equivalent reduction in both trunk and limbs to overall small size might signal a longer-term genetic accommodation. Here, however, the fossil record thwarts our endeavours as the Dmanisi limbs are short (and this is the source of the size estimates for the group), but the trunk skeleton is insufficiently preserved to yield a statement about trunk height.
Other empirical tests have not provided strong support for the idea that H. erectus is more human-like in its plasticity and accommodation to environments than other members of at least later Homo. Most tests of body size variation have shown H. erectus to be no more variable (as based on CVs) than either earlier or later Homo for whom there are adequate assemblages (e.g. [106, 142] ), nor than other widely dispersed primate species whose demes live in a variety of climates [106] . For example, table 1 shows CVs for femur length for palaeodemes of H. erectus, Neandertals and recent humans as well as widely dispersed macaques and vervets. All show similar levels of variation except those few palaeodemes that appear anomalously low. However, because the levels of variation in H. erectus (and H. sapiens) were compared to widely dispersed primates (macaques and vervets), it remains possible that widely dispersed taxa exhibit generally greater plasticity than geographically more constrained taxa. If this is the case, then greater plasticity could be inferred for both H. erectus and H. sapiens (and later Homo).
By contrast, brain size seems somewhat more variable in H. erectus palaeodemes than other Homo, including H. sapiens; it also seems more variable than even dimorphic apes (e.g. [143, 144] ; table 1). All the palaeodemes of H. erectus, regardless of environment or timespan encompassed by the sample, show relatively large CVs for cranial capacity (table 1) . 5 In addition, the mean values for cranial capacity show large differences between palaeodemes. As a result, the species-wide CV for cranial capacity in H. erectus is about twice that of the species-wide CV for H. habilis or H. sapiens. Correlatively, the population-specific CVs for brain size in recent humans are lower than in H. erectus populations and there is less absolute difference between populations of humans for mean cranial capacity. This result is inconsistent with our expectation that brain size should be less plastic than body size in H. erectus (as is the case in H. sapiens). In a traditional model, one could argue that brain size variation is then too great to be accommodated in a single species and H. erectus should represent several species (e.g. [143, 144] ). 6 We think the hypothesis of multiple species is unlikely based on other anatomical details of the fossils [135, 146] . Alternatively, the fossil CVs might be large due to greater time sampling in the palaeodemes than in the recent comparator samples. The H. erectus samples cover similar and often lesser timescales than the other Homo fossil samples which nonetheless have lower CVs than H. erectus palaeodemes. On the other hand, the recent human samples are likely to cull just a few hundreds of years of time and thus possibly span longer periods than the H. erectus from Ngandong but shorter periods than the Dmanisi sample. We consider these two H. erectus palaeodemes to be the most comparable to demes, and hence the most appropriate to test our current hypotheses. Ideally, a palaeodeme captures a small amount of time and hence samples a single population at a single time. In the case of Ngandong, a catastrophic assemblage, this ideal is met. The recent human, Neandertal, and Dmanisi H. erectus samples, while incorporating more time, also meet well the expectations of a palaeodeme. The others are simply the best that can be done given the current fossil record. Nonetheless, we note that limiting the results to just Ngandong and Dmanisi yields similar conclusions as does considering all the H. erectus palaeodemes. Despite this, the latter hypothesis that a temporal difference might be responsible for the elevated H. erectus CVs, deserves attention and may be tested as additional, less time-transgressive samples of H. erectus accrue. For the present, however, available fossil assemblages for H. erectus seem to point to an unusually high level of variability in cranial capacity, which could either point to a predominant role of genetic selection on these traits, or perhaps more speculatively, to relatively greater plasticity in brain size in this species than what is observed in contemporary humans. Indeed, with a slight tilt in perspective, we might speculate that evidence for elevated CVs in brain size represents a period of heightened variability across closely related populations that could indicate an evolutionary opportunity-a point at which brain size was perhaps particularly labile, opening up the possibility for changes in the relationship between brains and bodies that had persisted for millennia within the hominins ( [119] , see also [10] ). This idea is supported by recent work modelling relative encephalization in primates that finds all hominins to be encephalized relative to apes, rsfs.royalsocietypublishing.org Interface Focus 7: 20170004 but also that H. erectus is more encephalized than other earlier Homo [147] . Of course, greater encephalization could be achieved without changing the underlying lability of either trait by stabilizing (or even negative) selection on body size and directional selection on brain size [148] . A recent study [148] reported similar levels of phenotypic integration (i.e. covariation in this instance) of brain and body size in chimpanzees, other non-human primates, and living humans and argued just this-suggesting that (i) all hominins were likely to show a similar relationship and that (ii) given magnitudes of phenotypic covariation or genetic covariation (based on a living human sample), both the transition between A. afarensis and H. erectus and H. erectus and H. heidelbergensis were likely to be driven by positive selection on brains and either slightly positive or negative selection on bodies rather than a relaxation of integration between the two traits. This is an important study because it attempts to construct a framework for understanding the covariation in brains and bodies in the fossil record. However, because of the structure of the fossil record and the statistical requirements of those analyses, the study is forced to aggregate fossil remains across multiple sites and time periods and as such loses precisely the view on variation across samples of H. erectus that we argue could be so important and could shed light on the role of plasticity. As a result, that study considers large, somewhat unreal transitions by looking, for example, at the jump between A. afarensis and H. erectus without considering any data from the intervening taxa H. habilis or H. rudolfensis at all (see also [149] ). The study conclusions may then be right at a grand level-that brain size selection might drive body size increase from Australopithecus to Homo erectus-and still miss the fact that absolute size differences in both variables across samples of H. erectus do not seem to support the idea that body size and brain size were tightly linked within H. erectus. The similar integration in brain and body size variables across extant taxa suggests that these living taxa have achieved the same relationship, which perhaps represents an optimal relationship at this particular point in time. But it need not mean that this relationship/optimum has always been the case. For this to have been true in the past the phenotypic and genotypic covariation would have to be the same [12] in the fossils as in humans, which is plausible but untested. And whether the relationship was relaxed in the past ( perhaps due to plasticity), and then later fixed when the survival premium of trait stability increased, remains plausible, if untestable based upon current data. Heterochronic change, in which the developmental and maturational trajectories of different body traits or systems shift relative to one another [150] , represents one mechanism that could lead to alterations in the relationship between brain and body size. Indeed vault shape shows such size and shape dissociation between H. erectus and H. sapiens [151] resulting in paedomorphosis via neoteny, thus raising the possibility that covariation between brain and body size could also have differed between the two taxa.
Summary
Based on the current fossil record and the apparently large differences between 'populations' of H. erectus in different times and places, we hypothesize that plasticity in both body and brain size were important sources of local variation and dispersal in H. erectus. The large absolute differences in body size across palaeodemes of H. erectus correlate with inferred nutritional and other stressors that result in smaller body size in living humans. The smallest bodied H. erectus occurs in the Dmanisi palaeodeme, situated in a more seasonal climate that, along with dental signals, suggest nutritional stress while also being found in association with taphonomic signals of predator activity (i.e. high extrinsic mortality). Plasticity may have allowed the development of suboptimal (but survivable) phenotypes-such as those at Dmanisi-that could have provided a foothold for survival in less than ideal habitats, while also opening up the possibility of longer-term adaptation and the acquisition of environmentally optimal phenotypes with time.
More speculatively, the nutritional stressors that tend to lead to smaller body size might also be expected to favour reduced metabolic expenditure on the brain, which represents a sizeable energetic burden [152] . Although brain size is generally canalized, there are, as noted, studies showing that environmental factors like stress and deprivation, or social enrichment, can influence brain development and adult size [81, 82] . The effect in any given generation is relatively modest, but in theory might accumulate across multiple generations, as is seen for other developmentally plastic traits. That is, plastic short-term responses may yield environmentally altered phenotypes that selection then acted on in the longer term. The current record of H. erectus is too sparse to test these alternative views. Nonetheless these perspectives can provide testable research agendas to pursue-ones that would be overlooked if we were to focus solely on specieswide (or even higher taxonomic level) relationships.
Because H. erectus palaeodemes are widely dispersed across different kinds of environments, it is worth considering how phenotypic variation might relate, for instance, to local cues of extrinsic mortality, via close examination of skeletal variation in widely dispersed extant species. Because we speculate that H. erectus may have represented a point at which brain and body scaling relationships were decoupled, analogous instances in which these relationships might also be loosened, such as the brain size decrease in domesticated breeds, may also yield important datasets [153] . Indeed the similarities and differences between the effects of domestication on brain size variation in different taxa (e.g. wolf to dog versus fox to fox-domesticates or among ungulate taxa) may be particularly relevant (e.g. [153, 154] ). As noted by Lande ([10] , 413) genetic uncoupling of brain and body size (as well as phenotypic uncoupling) could further facilitate encephalization-and domesticates potentially provide evidence to evaluate both.
Here, the flexible-stem model might also lend further structure to our expectations of what we may find in future H. erectus samples in different environments, as well as in the stem sample when more fossils are known. First, if plasticity is a key to allowing dispersal in H. erectus, then we should expect that the stem sample of H. erectus will be quite plastic itself, as its underlying variation provides the substrate for descendant populations to react to novel environments. And we hypothesize that this plasticity should be greater than in other early Homo who did not disperse. Second, we should expect that populations in new environments will also show great variation initially, but less variation through time (assuming stable environmental contexts in the same locale). Third, we should expect new samples in similar contexts to show parallel phenotypic responses to earlier dispersers and that are in line with known patterns of plasticity-induced response in humans and other non-human primates.
Our tests and framework are necessarily preliminary. These questions require additional fossils to test, but also argue for the collection of finer-grained data on phenotypemodifying factors like nutritional substrate, general health and parasite load in relation to skeletal remains that comprise comparative collections. While the fossil record can never provide a complete test of the phenotype-first propositions of the EES, we feel that reorganizing our research agendas towards understanding the causes and consequences of individual variation will drive research on extant skeletal collections where finer-grained data are often available, providing opportunities to address the role of plasticity and other components of the EES in human evolution. We hope that others will share our conviction that this framework holds promise, and that future work will test, refine and improve these ideas.
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